INTRODUCTION

51
The last two decades have seen tremendous progress in research on conversion of 52 cellulosic biomass to biofuels (29, 34) . Nevertheless, many techno-ecomonic 53 challenges must be overcome before cellulosic fuel will be able to compete with corn 54
ethanol and conventional sources of fossil fuel (17, 26) . A major bottleneck in 55 converting cellulose to fuels is the hydrolysis of plant cell wall biopolymers, 56
especially the attack on the highly recalcitrant cellulose fibers (12) . Enzymatic 57 hydrolysis of cellulose involves the synergistic action of three classes of enzymes: 58 endoglucanases which randomly cleave within the cellulose chain, exoglucanses 59
which cleave the exposed chain ends, and β-glucosidases which cleave short 60 cellodextrins, notably cellobiose, into glucose. The carbohydrate-active enzyme 61
(CAZY) database groups these glycoside hydrolases (GH) into families according to 62 sequence similarity and shared structural determinants (8) . 63
Optimizing the biodegradation of lignocellulose substrates requires either the 64 search for novel enzymes which are robust enough to withstand industrial processes 65 or, alternatively, enzymes that can be engineered to enhance the desired qualities, 66 such as high specific activity, low levels of end-product inhibition, tolerance to broad 67 ranges of temperature and pH and inhibitors of degradation byproducts (38) . Using 68 thermostable cellulases at high temperatures offers many advantages in the 69 bioconversion process, which include increase in specific activity, higher levels of 70 stability, inhibition of contaminating microbial growth, increase in mass transfer rate 71 due to lower fluid viscosity, and greater flexibility in the bioprocess (37) . 72
In the present work, we focused on endoglucanase Cel8A, one of the most 73 prominent enzymes produced by the anaerobic thermophilic bacterium Clostridium 74
on October 16, 2017 by guest http://aem.asm.org/ Downloaded from thermocellum (23, 28, 40) . This family-8 glycoside hydrolase is part of an 75 extracellular multi-enzyme complex of cellulases, hemicellulases and other 76
carbohydrate-active enzymes, termed the cellulosome, which can degrade and 77 solubilize crystalline cellulosic substrates in an efficient manner (5) . The mature 78 enzyme consists of a catalytic module, which folds into an (α/α) 6 barrel formed by six 79
inner and six outer α helices (2) , and a type-I dockerin at its C-terminus that serves as 80
an anchor for attachment to the cellulosomal scaffoldin subunit via its resident type-I 81 cohesin modules. 82
Recently, we reported the construction of a Cel8A enzyme with enhanced 83 thermostability using a directed evolution approach consisting of random PCR-based 84 mutagenesis and recombination (4) . The thermostability of Cel8A was also recently 85 studied using specific substitutions of glycine and proline residues on the protein 86 surface (35) . 87
A different, potentially complementary approach takes advantage of the large 88 number of available protein sequences. This semi-rational 'consensus approach' is a 89
well-established strategy to improve the thermostability and has been used 90 successfully on both enzymatic and non-enzymatic proteins (3, 15, 16, 25, 32 
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In the current study, we complemented the random mutagenesis strategy with a 100
'consensus approach' to further investigate the protein sequence space for enzyme 101 variants with enhanced thermostabilty and high specific activity. We used molecular 102 dynamics (MD) analysis as a complementary tool to examine the effect of the 103 beneficial mutations on the enzyme's dynamic stability and overall structure (7) . 104
105
MATERIALS AND METHODS
106
Library construction 107
Plasmid pET28aCel8A (4) in an Econo-pack column at 4°C (batch purification system). The column was then 156
washed by gravity flow with 50 mM imidazole. Elution was performed, first using 157 100 mM imidazole, followed by 250 mM imidazole. Fractions (2 ml) were collected 158
and analyzed by SDS-PAGE. The fractions containing the purified proteins were 159 pooled and dialyzed extensively against 50 mM sodium acetate buffer (pH 6.0). 160 Enzyme thermostability was monitored in 50 mM sodium acetate buffer (pH 182 6.0). Enzymes were incubated at 85°C for various periods, and residual 183 endoglucanase activity was determined. The rate of inactivation was determined by 184
removing samples for assay of enzymatic activity. The inactivation rate constant was 185 calculated using the equation: log(% remaining activity) = 2.303 * K in * t (14) , and the 186 enzyme half lives were deduced from the plots. 187 188
Molecular Dynamics Studies 189
Mutant structures were generated with the Mutator module of the VMD program, 190 using pdb entry 1CEM as a template (13). NAMD/VMD programs were used for 191 molecular dynamics simulation and trajectory analysis (24) with CHARMM27 force 192
field (18) . The psfgen module in VMD was employed to generate a protein structure 193
file. Subsequently the structures were solvated in a box of water (TIP3P water model) 194
with a 10-Å buffering distance and ionized using sodium (Na 
Construction and screening of libraries containing consensus mutations 208
The amino acid sequence of Cel8A from C. thermocellum was used to identify 18 209 homologous sequences in GenBank ( Table 2 ). The sequences were selected based on 210 amino acid identity values of 30 to 60%. The sequences were aligned using the 211
ClustalW algorithm and either consensus positions or most abundant positions were 212 determined. Overall Cel8A differed in 8 positions from the consensus sequence (Fig.  213 1). It should be noted that many of the proteins used for the alignment were from 214 mesophilic bacteria, e.g., Clostridium cellulolyticum and Flavobacterium johnsoniae, 215
with an optimal temperature well below that of Cel8A from C. thermocellum. 216
We designed 8 oligonucleotide primers each containing a single codon 217 replacement of the Cel8A gene with the matching consensus residue and used in-vitro 218 recombination to produce an assembly of the different combinations of mutations. 219
The resultant library was cloned into the pET28a expression vector and expressed in 220 E. coli. The diversity of the genes in the resulting unselected library is presented in 221 enzymes on a two-layer CMC-containing plate revealed that over 90% were active 226 enzymes. Therefore, an initial screening step for activity prior to the thermostability 227 screening was not necessary. 228
The retention of endoglucanase activity was measured after heating the 229 samples for 15 min at 82°C. After heating the wild type Cel8A endoglucanase sample 230 at this temperature the enzyme retained approximately 40% of its activity (4) . 231
Enzymes which showed enhanced thermostability after the heat treatment were 232 considered candidates for further analysis. In various methods which use random 233 mutagenesis in order to generate thermostable mutants, large numbers of clones have 234
to be screened before identifying the desired mutants (4) . Using the consensus 235 approach it is possible to screen significantly fewer clones and still acquire 236 thermostable variants. Here we screened less than 600 clones before identifying 11 237 thermostable mutants that showed considerably higher residual activity after heat 238 showed that both enzymes maintained their initial activity levels (108.2 ± 2.6% and 273 96.4 ± 2.8% for the G177P and G373P mutants, respectively) but had significant 274 reduction in residual activity compared to the wild-type enzyme (23 ± 1.5% for the 275 G177P mutant and undetectable levels for the G373P mutant). This indicates that the 276 G283P mutation may be a unique case of thermostabilization and cannot be 277 generalized to glycines in the N-cap of other helices of Cel8A. 278
279
Additive effect of the G283P mutation to the previously engineered thermostable 280
Cel8A 281
Recently we reported the construction of a Cel8A enzyme derivative with 282 enhanced thermostability using random error-prone PCR and combination of 283 beneficial mutations (4). The engineered triple mutant, TM (K276R/S329G/S375T) 284 exhibited increased thermostability while maintaining wild-type levels of activity. It 285 was therefore interesting to introduce the G283P mutation into the triple mutant to 286 determine whether it could contribute in a positive manner to its stability. Site-287 directed mutagenesis was thus performed on the TM variant to create the QM 288 (quadruple mutant) variant (K276R/G283P/S329G/S375T). The enzymes were 289 purified to homogeneity and their properties were determined and compared with 290 those of the wild-type enzyme. A 3.3°C increase in T m of the QM variant relative to 291 the TM variant (Table 3) was observed, which demonstrates that the thermostabilizing 292 effect of G283P is additive. 293 294
Enzymatic characterization of the thermostable mutants 295
Kinetic analysis of the thermal inactivation of the wild-type Cel8A and the 296 mutants at 85°C followed first-order kinetics (Fig. 4) both CMC and phosphoric acid-swollen cellulose (PASC). As shown in Figure 5 , both 306 the G283P and the QM variants demonstrate similar specific activities on CMC 307 compared to the TM and wild-type enzymes (4) . The G283P mutation demonstrated 308
an increase in activity on PASC either as a single mutation or in combination with the 309 TM variant (QM). The stability profile of the mutants was also determined at pH 310 values of 3.0 to 9.0 and showed similar residual activities as the wild-type Cel8A 311 enzyme (data not shown). 312 313
Structural analysis of the mutations 314
The CD spectra of the thermostable variants were analyzed to determine 315 whether the mutation affected the secondary structure. The results showed that there 316
were no significant changes between the wild-type enzyme and the mutants with 317
increased thermostability. Figure 6 shows the three-dimensional structure of Cel8A as 318 determined by Alzari et al (2) at high temperature (Fig. 7) , we have observed that the first 4 of these regions showed 375
delayed (approximately 2 ns) increase in RMSD but not totally diminishing the 376 deviation. On the other hand, the last two regions (264-278 and 311-333) showed no 377 sign of unfolding in terms of RMSD during 4 ns simulation, suggesting that these 378 regions are responsible for increased thermostability of variant QM. 379
Moreover, detailed analysis of the RMSF was carried out using trajectory data. 380
Although overall comparison of RMSF showed similar patterns for the mutant and 381 native proteins (data not shown), the regions between amino acids 261 to 278 ( ring of the substrate is within hydrogen bonding distance of Asp278 (2), which we 388 have found is in the more rigid region at elevated temperature as a result of the 389 described mutations. Rigidity of the region between amino acids 261 to 278 directly 390 affects the hydrogen bonding distance for Asp278 at elevated temperatures and 391
increases the thermostability of the given mutants. 392
The results presented here demonstrate the utility of the 'consensus approach' 393 as a viable tool for enhancement of the thermostability characteristics of an innately 394 thermostable endoglucanase. Introducing the G283P mutation to increase the 395 thermostability of the triple mutant (TM) generated by a random library resulted in 396
further enhancement of its thermostability properties. This study underscores the 397 
